Prion diseases, such as Creutzfeldt-Jakob disease of humans, bovine spongiform encephalopathy of cattle, and scrapie of sheep are a group of fatal, neurodegenerative, transmissible conditions. During prion disease, PrP
Sc , an abnormal isomer of a host protein termed PrP C , accumulates in proteolysis-resistant aggregates. The protein-only hypothesis (21, 50) predicts that the transmissible prion agent comprises solely proteinaceous material. As a consequence, it is proposed that PrP Sc forms part or all of the transmissible prion agent and that this abnormal isomer is responsible for the modification of the structure of PrP C . Prion diseases are also characterized by the accumulation of PrP Sc in the absence of an overt inflammatory response. A major reason for the apparent lack of inflammation is that the affected host appears immunologically tolerant to PrP Sc and possibly other abnormal conformations of the host protein PrP C . As a result, immune-mediated inflammatory responses are not readily evident. Furthermore, the central nervous system appears innately refractory to the development of acute inflammatory responses that typically occur in peripheral tissues. However, inflammation, albeit an atypical response (49) , is now regarded as a cardinal sign of prion disease. It remains to be established whether this inflammatory response is responsible for induction or maintenance of the pathology seen during prion disease or is merely a product of the condition.
The normal homeostasis of neurons within the central nervous system is supported by glial cells (51) . Both astrocytes (11) and oligodendrocytes (6, 17) are sources of specific inflammatory mediators and may contribute to the inflammation seen during prion disease. However, the primary glial cell type involved in this response appears to be microglia, resident and infiltrating cells of the monocyte/macrophage lineage. Activated microglia, evidenced by their altered morphology and increased expression of cell surface markers, including major histocompatibility complex class II and CR3, have been demonstrated in brains from humans with Creutzfeldt-Jakob disease (4, 20, 44, 52) , cattle with bovine spongiform encephalopathy (37) , and mice with experimental prion disease (9, 64) . Activated microglia are indistinguishable from macrophages in peripheral tissues and are capable of synthesis and release of inflammatory molecules (24) . Microglial activation occurs early in the prion disease response (8) , and cytokine production by these cells precedes the apoptotic loss of hippocampal neurons in brains from prion-infected mice (47) .
Cytokines may be classified as either proinflammatory (for example, interleukin-1 [IL-1], IL-6, IL-12, and tumor necrosis factor alpha [TNF-␣]), or anti-inflammatory (for example, IL-4, IL-10, IL-13, and transforming growth factor beta [TGF-␤]), based on their actions in peripheral tissues and the central nervous system (1, 65) . Several previous studies have attempted to address which of these cytokines may play a role in prion disease. Immunohistochemical studies have reported that proinflammatory cytokines including IL-1␤, IL-6, and TNF-␣ are expressed by astrocytes in early and late prion disease (63) . PCR and RNase protection assays have been used to demonstrate the expression of IL-1␣, IL-1␤, and TNF-␣ (5, 10, 30, 32) . However, the results of other studies have not supported a role for IL-6 or TNF-␣ alone in prion-infected animals following intracerebral inoculation (13, 36) , although the influence of anti-inflammatory cytokines was suggested by increased TGF-␤ expression (13) . Other mediators of inflammation apart from cytokines have been reported in individuals with prion disease. The prostaglandin synthetic enzyme cyclooxygenase-2 is induced in the ME7 model of prion disease (61) . In addition, prostaglandin E 2 has been demonstrated in the cerebrospinal fluid of Creutzfeldt-Jakob disease patients, the brains of ME7-infected mice (41) , and the plasma of bovine spongiform encephalopathy-affected cattle (45) .
The balance of proinflammatory and anti-inflammatory cytokine expression in the central nervous system is tightly regulated, and sustained inflammation will be detrimental to the host (1, 2) . Lack of appropriate anti-inflammatory cytokines during prion disease may accelerate the appearance of pathology if an ongoing proinflammatory response plays a significant role in these conditions. In this study we have tested the hypothesis that anti-inflammatory cytokines can regulate the progression of prion disease through the use of mice that lack genes encoding these molecules. Collectively, our data show that IL-10 plays a prominent role in prion disease regulation. Mice deficient in IL-10 are highly susceptible to the development of prion disease and show a markedly shortened incubation time. These experiments also show that lack of IL-10 leads to early expression of TNF-␣ that appears to sensitize the mice to prion-induced pathology. In wild-type mice, TNF-␣ expression occurs later in the disease progression and this correlates with the extended incubation time in these animals compared to those that lack IL-10.
MATERIALS AND METHODS

Mice. IL-10
Ϫ/Ϫ mice on a 129Sv background were generated as previously described (33) . IL-13 Ϫ/Ϫ , IL-4/IL-13 Ϫ/Ϫ mice were generated as described (39, 40) and together with IL-4 Ϫ/Ϫ mice (34) were backcrossed onto BALB/c mice. Equivalently backcrossed BALB/c control mice were bred in-house. The tga20 mouse strain (19) was obtained from Charles Weissmann. 129Sv, CD-1 Swiss, and C57BL/6 wild-type mice were purchased from Harlan, United Kingdom. 129Sv mice were used as controls for the IL-10 Ϫ/Ϫ mice, and BALB/c mice were used as controls for all other cytokine-deficient mice. All regulated procedures involving experimental animals were carried out under Project and Personal license authority issued in accordance with the Animals (Scientific Procedures) Act of 1986.
Prion inoculations. The prion inoculum used in these experiments was either RML 5.0, which was derived by fivefold serial passage in CD-1 mice of a Chandler mouse-adapted scrapie strain originally donated by Stanley Prusiner (San Francisco, Calif.), or ME7.1, which was prepared at the Centre for Veterinary Science, Cambridge, United Kingdom, from terminally sick C57BL/6 mice previously inoculated with ME7 acquired from the Transmissible Spongiform Encephalopathy Resource Centre, Institute for Animal Health, Compton, United Kingdom, supplied by the Neuropathogenesis Unit (Edinburgh, United Kingdom) (58) . The infectivity of stock RML 5.0 is 10 10.6 50% lethal dose (LD 50 )/g of brain tissue and is equivalent to a titer of 10 9.6 LD 50 /ml of 10% (wt/vol) brain homogenate; the infectivity of stock ME7.1 is 10 9.4 LD 50 /g of brain tissue and is equivalent to a titer of 10 8.4 LD 50 /ml of 10% (wt/vol) brain homogenate.
Mice, either male or female, at 5 to 6 weeks of age were inoculated by intracerebral injection into the right parietal lobe at a depth of 4 to 5 mm with a 20-l volume of a 10 Ϫ1 (2 ϫ 10 (58) was based upon that of Dickinson et al. (15) . Mice were euthanized at the point of neurological disease and dysfunction. Results are shown as mean incubation time in days Ϯ standard deviation.
Histology and immunocytochemistry. Brain tissue from representative mice from all treatment groups was fixed in 4% (vol/vol) buffered formalin in PBS for 24 h, inactivated for 1 h with 98% (vol/vol) formic acid, soaked in buffered formalin for a further 72 h, and subsequently embedded in paraffin wax. Paraffin sections (5 m in thickness) were subjected to conventional staining with hematoxylin and eosin (data not shown). Brain sections from terminally sick mice were examined histologically to confirm scrapie pathology (microvacuolation). Reactive gliosis was confirmed by immunohistochemistry for glial fibrillary acidic protein (GFAP) with cow anti-GFAP diluted 1:200 (Dako, Glostrup, Denmark) and developed with an avidin-biotin labeling kit (Vector Labs, Peterborough, United Kingdom).
Western blot analysis. Brain stem homogenates were made to 10% (wt/vol) with either homogenate buffer (0.5% Nonidet-P40 and 0.5% sodium deoxycholate in PBS) for RML 5.0 samples or lysis buffer (0.5% Nonidet-P40, 0.5% sodium deoxycholate, 100 mM NaCl, 10 mM EDTA and 10 mM Tris-HCl [pH 7.4]) for ME7.1 samples. Samples were treated with proteinase K at a final concentration of 25 g/ml for 25 min at 37°C. Digestion was terminated by the addition of phenylmethylsulfonyl fluoride. From 40 to 50 g of total protein was loaded and electrophoresed through a sodium dodecyl sulfate-16% polyacrylamide minigel. Proteins were transferred to nitrocellulose membranes by semidry blotting.
Membranes were blocked with Tris-buffered saline containing Tween 20 (TBS-T) (10 mM Tris HCl [pH 7.8], 100 mM NaCl, 0.05% Tween 20) plus 5% nonfat milk and subsequently incubated first with rabbit polyclonal anti-PrP serum XN (diluted 1:1,000) (43) for 1 h followed by biotin-conjugated goat anti-rabbit immunoglobulin G (IgG) (catalog no. B-7389; Sigma) (diluted 1:1,000) and finally extravidin-horseradish peroxidase (catalog no. E-2886; Sigma) (diluted 1:1,000). All dilutions of antibodies were in 1% nonfat milk in TBS-T. PrP bands were detected by enhanced chemiluminescence.
Tga20 bioassay. In the tga20 mouse bioassay, 20 l of a 1% (vol/vol) brain or spleen homogenate from primary inoculated mice prepared in PBS plus 5% BSA was inoculated intracerebrally into five indicator mice per sample analyzed. Inoculated mice were monitored daily for clinical signs of mouse prion disease (58) . Mice were sacrificed at the point of neurological disease and dysfunction. Brain or lymphoid tissue prion titers, expressed as log 10 LD 50 per gram of tissue, were calculated according to the formula y ϭ Ϫ0.184x ϩ 9.42, where y is the log 10 dilution of the stock RML 5.0 infectivity and x is the incubation time (in days) (58) .
Semiquantitative real-time RT-PCR. Whole brains were removed from IL-10 Ϫ/Ϫ and 129Sv mice on days 0, 15, 30, and 45 post-intracerebral inoculation of 20 l per mouse of a 10 Ϫ1 dilution of 10% (wt/vol) RML 5.0 (n ϭ 4). Terminal brain samples were also collected from ME7.1-inoculated C57BL/6 mice, RML 5.0-inoculated CD-1-mice, and their respective control mice that were inoculated with the relevant normal brain homogenate (n ϭ 3). Whole brains were snap frozen in liquid nitrogen and stored at Ϫ80°C until processed. Total RNA was extracted from brain samples with 100 mg of tissue per 1 ml of Trizol reagent (Invitrogen, Paisley, United Kingdom). Tissue samples were homogenized in the Trizol reagent as quickly as possible and then 200 l of chloroform was added and shaken vigorously for 15 s. Samples were placed on ice for 15 min, centrifuged at 16,000 ϫ g for 15 min at 4°C, the aqueous phase was removed to a clean tube, and an equal volume of isopropanol was added and incubated for 16 h at Ϫ20°C.
Samples were centrifuged at 16,000 ϫ g for 15 min at 4°C, the pellet was washed in 750 l of 75% ice-cold ethanol in diethylpyrocarbonate-treated water and recentrifuged at 16,000 ϫ g for 5 min at 4°C. The ethanol was removed, the tube was pulse-centrifuged, and residual ethanol was removed. The pellet was air dried for 2 min and then dissolved in 20 l of diethylpyrocarbonate-treated water. One to three micrograms of target RNA was used per reverse transcription (RT) reaction to generate cDNA with 20 U of SuperScriptII reverse transcriptase (catalog no. 18064-022; Invitrogen, Paisley, United Kingdom) at 42°C for 60 min in the presence of 50 mM Tris-HCl [pH 8.3] , 75 mM KCl, 3 mM MgCl 2 , 5 mM dithiothreitol, 0.5 mM deoxynucleoside triphosphates, 1 U of RNase H (catalog no. M4281; Promega, Southampton, United Kingdom), and 5 ng of oligo(dT) 15 (catalog no. C1101; Promega, Southampton, United Kingdom). For every reaction set, one RNA sample was performed without SuperScriptII reverse transcriptase to provide a negative control in subsequent PCRs.
Primers and probes. PCR primers were used for the following cytokines: IL-4, IL-10, IL-13, TGF-␤, TNF-␣, IL-1␤, and IL-12p35 (46) . The nonextendable fluorogenic probe was an oligonucleotide dually labeled with a reporter dye (6-carboxyfluorescein [FAM] ) covalently attached at the 5Ј end and a quencher dye (6-carboxytetramethylrhodamine [TAMRA]) covalently attached at the 3Ј end (46) . To compensate for variations in amounts of input RNA and efficiency of the reverse transcription, an endogenous housekeeping gene (hypoxanthine phosphoribosyltransferase [HPRT]) was also quantified, and results were normalized to these values.
PCR amplification. PCRs were performed in an ABI Prism 7700 sequence detector (TaqMan; Applied Biosystems) with a 96-well microamp optical reaction plate format. PCR amplifications were performed in a total volume of 25 l, containing 5 l of cDNA sample, 2.5 l of forward primer, 2.5 l of reverse primer, 2.5 l of fluorescent probe, and 12.5 l of TaqMan Universal PCR master mix (catalog no. 4304437; Applied Biosystems, Cheshire, United Kingdom). Each set of primers and probes were optimized and validated independently to ensure accurate amplification. Identical thermal cycling conditions were used for all cytokines tested once the individual optimizations were completed. Each PCR amplification was performed in triplicate wells, with the following conditions: 2 min at 50°C and 10 min at 95°C, followed by a total of 45 twotemperature cycles (15 s at 95°C and 1 min at 60°C). Quantification of signal was achieved by setting thresholds within the logarithmic phase of the PCR for HPRT and the target gene and determining the cycle number at which the threshold was reached (C t ). The C t for the target gene was subtracted from the C t for the equivalent HPRT sample. The relative amount of target gene transcript was calculated according to the formula 2 Ϫ (C t 1 [minus] C t 2), where C t 1 is the adjusted control sample t value and C t 2 is the adjusted test sample value.
Statistical analysis. Statistical analysis of the data was performed by one-way analysis of variance, together with Tukey highly significant difference (HSD) for post hoc analysis ( Fig. 4 and 5 ). The data in Table 1 and Fig. 4 and 6 were analyzed with the paired samples t test.
RESULTS
Accelerated prion disease in the absence of IL-10. The effect of lack of the anti-inflammatory cytokines IL-4, IL-10, and IL-13 on the pathogenesis of murine prion disease was investigated in mice rendered deficient in these cytokines through gene ablation. The incubation time for the development of prion disease was measured in these cytokine-deficient mice following intracerebral or intraperitoneal inoculation with RML 5.0 prion inoculum ( Table 1 ). Mice that lacked IL-10 showed a rapid development of prion disease. All of the intracerebrally prion-inoculated IL-10 Ϫ/Ϫ mice developed typical early signs of mouse prion disease, such as head tilt, hyperactive behavior, and plastic tail within 45 days. These signs rapidly progressed to clinical signs typically associated with terminal prion disease, such as progressive proprioceptive deficits, rolling gait, and progressive ataxia. By 72 days postinfection, all of the IL-10 Ϫ/Ϫ mice inoculated with the high dose (10 Ϫ1 ) of prion inoculum had succumbed to terminal disease (P Յ 0.001).
The high susceptibility of IL-10 Ϫ/Ϫ mice to prion disease was seen when either a 10 Ϫ1 or 10 Ϫ4 dose of RML 5.0 prion inoculum was used. IL-10 Ϫ/Ϫ mice inoculated with the low dose (10 Ϫ4 ) of RML 5.0 inoculum by the intracerebral route also succumbed to terminal prion disease and did so with an incubation time of 112 Ϯ 7 days (P Յ 0.001). IL-10 Ϫ/Ϫ mice were not overtly susceptible to intracerebral inoculation as these mice inoculated with normal mouse brain homogenate did not succumb to any clinical signs of trauma or central nervous system disease and remained healthy for the duration of the experiment (data not shown). For controls, we inoculated the 129Sv strain of mice that is the genetic background for the IL-10 Ϫ/Ϫ mice. These control mice did not show any signs of prion disease until 130 days post-intracerebral inoculation, and terminal disease was not reached until 140 Ϯ 2 or 153 Ϯ 4 days postinfection for either the high or low dose of RML 5.0 inoculum, respectively. Control 129Sv mice did not show any clinical signs following intracerebral inoculation with normal mouse brain homogenate (data not shown).
When IL-10 Ϫ/Ϫ mice were inoculated with prion inoculum through the intraperitoneal route, these mice showed a similar shortened incubation time to first clinical signs and terminal disease compared to 129Sv control mice. IL-10 Ϫ/Ϫ mice reached terminal disease after only 119 Ϯ 0 days (P Յ 0.001) and 138 Ϯ 0 days (P Յ 0.001) compared to 186 Ϯ 0 and 200 Ϯ 2 days in control 129Sv mice inoculated by the same route with the high and low dose of RML 5.0 inoculum, respectively ( Table 1 ).
Mice that lacked either or both IL-4 or IL-13, which were all on a BALB/c background, showed a similar incubation time for The characteristic features of prion disease were confirmed in all mice that displayed terminal signs of this neurodegenerative disorder by histopathological examination, the presence of GFAP detected by immunocytochemistry, and the presence of PrP reactive gliosis in the hippocampal region. In addition, sections of brain tissue from all strains of mice at terminal disease were subjected to conventional staining with hematoxylin and eosin and examined histologically to confirm prion pathology by the presence of microvacuolation (data not shown). Interestingly, although there was a markedly shortened incubation time in IL-10 Ϫ/Ϫ mice, there was no apparent difference in prion pathology in these animals compared to wild-type-prion-infected animals. The presence of prion disease was also confirmed by the detection of PrP Sc in brain stem homogenates from mice with terminal prion disease. Following proteinase K digestion, all samples from mice with terminal prion disease showed the presence of typical PrP Sc bands of 27 to 30 kDa (Fig. 2) . It was interesting that samples from those mice inoculated with the lower dose of RML 5.0 inoculum appeared to accumulate more PrP Sc than those that received the higher dose. This may reflect the longer period of time available to the animals to accumulate the abnormal isomer of the prion protein.
These data clearly indicate that mice that lack IL-10 are highly susceptible to the development of prion disease. In order to verify if the rapid progression towards terminal prion disease in IL-10 Ϫ/Ϫ mice correlated with a rapid accumulation of prion infectivity, brain and spleen homogenates from RML 5.0-inoculated animals were transmitted to tga20 indicator mice. The data in Table 2 show that despite the rapid onset and progression to terminal prion disease by IL-10 Ϫ/Ϫ mice inoculated by the intracerebral route, these animals accumulated as much infectivity as control inoculated mice that succumbed to terminal disease in approximately twice as long an incubation period. In addition, IL-10 Ϫ/Ϫ mice inoculated by the intraperitoneal route showed significant levels of infectivity in the spleen.
Lack of IL-10 involvement from immune cells. Our data are consistent with a protective role mediated by IL-10 in prion disease. IL-10 is a cytokine that was first described in association with cells of the immune system and more recently with those of the central nervous system. In order to examine which system was responsible for the production of IL-10, various immune deficient mice were inoculated with RML 5.0 prion inoculum by the intracerebral route. Accordingly, we inoculated MT (B-cell deficient), TCR␤␦ (T-cell deficient), and RAG-1 Ϫ/Ϫ (T-and B-cell deficient) mice with the same dose of RML 5.0 inoculum. In all cases, the duration from prion inoculation to the appearance of clinical signs and to terminal disease was similar in MT, TCR␤␦, and RAG-1 Ϫ/Ϫ and in control C57BL/6 mice, which are the genetic control mice for the various immunodeficient strains. All strains of mice showed incubation times in the range of 130 to 159 days with a high dose of RML 5.0 inoculated intracerebrally (our unpublished observations). From these data we conclude that lymphocytes are not the source of IL-10 that appears to be involved in the regulation of prion disease. A combination of in situ hybridization and immunocytochemistry of brain tissue, together with RT-PCR analysis of leukocytes isolated from brain parenchyma, has been used to identify the cellular location of IL-10 expression in the central nervous system (35, 54) . Neurons are a major cellular location in the central nervous system for IL-10 mRNA, particularly those in the cortex. IL-10 immunoreactivity is also seen in choroid plexus epithelial cells, and weakly on some glial cells (54) . Isolated cultures of microglia and astrocytes constitutively express IL-10 receptor 1 mRNA, and these cells, when activated, for example by lipopolysaccharide, can be induced to express IL-10 mRNA and protein (35) . Collectively, these observations suggest that IL-10 produced by neurons, activated microglia, and astrocytes modulate glial-mediated inflammatory responses.
Efficient neuroinvasion in IL-10 ؊/؊ mice following oral inoculation. The oral route is considered the most likely mode of inoculation in natural transmissible spongiform encephalopathy disease such as scrapie (23) , bovine spongiform encephalopathy, or variant Creutzfeldt-Jakob disease (12) . However, this is the most inefficient route for prion neuroinvasion, as seen by the extended incubation time for the development of experimental prion disease in comparison with other routes of inoculation. Conditions that alter the integrity of the gastrointestinal tract, such as gastrointestinal inflammation, may lead to a greater efficiency of neuroinvasion by prions that enter by the oral route and hence shorter incubation times.
IL-10 Ϫ/Ϫ mice develop chronic enterocolitis due to uncontrolled immune responses stimulated by enteric antigens (33) . We have investigated whether these animals show enhanced prion disease progression as a consequence of this condition.
IL-10
Ϫ/Ϫ and control mice were orally inoculated with either RML 5.0 or ME7.1 prion inoculum, and the time to terminal disease was measured (Table 3 ). All mice orally inoculated with prions succumbed to terminal disease. When terminal brains from all of these mice were assessed by Western blot, typical band patterns for PrP Sc were detected, indicating that these animals had succumbed to prion disease (Fig. 3) . The incubation time for IL-10 Ϫ/Ϫ mice to reach terminal disease was approximately 30% of the time required for the control animals to reach terminal disease. When a similar comparison was made for intraperitoneal inoculation with RML 5.0 inoculum between IL-10 Ϫ/Ϫ and wild-type animals, the difference in incubation time was only approximately 50% for IL-10 Ϫ/Ϫ mice ( Table 1 ). These data suggest that oral transmission in IL-10 Ϫ/Ϫ mice provides a more efficient mode of peripheral prion infection than that normally seen for this route of inoculation. We attribute this enhanced neuroinvasion to the fact that IL-10 Ϫ/Ϫ mice have a gut pathology that probably leads to a greater uptake or leakage of prions across the gut wall.
Pro-and anti-inflammatory cytokine transcripts in the brain during prion disease. Semiquantitative RT-PCR was carried out on brain tissue of RML 5.0-inoculated IL-10 Ϫ/Ϫ mice and 129Sv wild-type mice (Fig. 4) during a time course experiment in order to investigate the central nervous system anti-inflammatory and proinflammatory cytokine profiles during the development of prion disease. The most significant alteration in proinflammatory cytokine mRNA levels in IL-10 Ϫ/Ϫ mice was seen at 15 days post-prion inoculation, when the brains of these mice showed a Ͼ60-fold increase in TNF-␣ mRNA (P Ͻ 0.001 in comparison with day 0). This was accompanied by a Ͼ10-fold increase in IL-12p35 mRNA level (P Ͻ 0.001 in comparison with day 0). At 30 days post-prion inoculation there was a Ͼ10-fold increase in TNF-␣ mRNA level compared to prechallenge levels. IL-1␤ did not show any significant changes over this time course compared to prechallenge levels (data not shown). a Twenty-microliter volumes of 1% (wt/vol) brain or spleen homogenates prepared from IL-10 Ϫ/Ϫ or 129Sv mice that had succumbed to terminal prion disease were inoculated intracerebrally into tga20 indicator mice. Inoculated mice were monitored daily for clinical signs of mouse prion disease. Mice that succumbed to terminal prion disease were euthanized at the point of neurological disease and dysfunction. Prion titers were calculated according to the formula y ϭ Ϫ0.184x ϩ 9.42, where y is the log 10 dilution of the stock RML 5.0 infectivity and x is the incubation time (in days) (58) . Prion titers are given as log 10 LD 50 per gram of tissue (n ϭ 5). Although IL-10 Ϫ/Ϫ mice succumb rapidly to prion infection, these animals do mount a significant anti-inflammatory response during the development of prion disease. The increase in TNF-␣ transcript levels following prion inoculation was accompanied by a dramatic rise in IL-13 mRNA level, which showed Ͼ500-fold increase on day 30 post-prion inoculation compared to prechallenge levels (P Ͻ 0.001). IL-4 transcript levels were depressed at the time of peak TNF-␣ transcript levels (day 15 postinfection) (P Ͻ 0.001 in comparison with day 0), while TGF-␤ showed no significant variation in these mice over this time course (data not shown). TNF-␣ mRNA levels in the brains of prion inoculated 129Sv mice were significantly increased compared to prechallenge levels. They did however have a delayed time course consistent with the extended incubation period of these animals to terminal disease compared to IL-10 Ϫ/Ϫ mice. In 129Sv mice at day 45 post-prion challenge, IL-4 transcript levels were significantly decreased in comparison with prechallenge levels (P Ͻ 0.001), which coincided with the time of peak TNF-␣ transcript levels for these animals (P Ͻ 0.001).
Cytokine mRNA levels in IL-10 Ϫ/Ϫ mice were directly compared with 129Sv control mice at each of the time points tested following prion inoculation (Fig. 4) . On day 15 post-prion inoculation there was a significant increase in TNF-␣ (P Ͻ 0.02), IL-12p35 (P Ͻ 0.02) and IL-13 (P Ͻ 0.005) with a significant decrease in IL-4 mRNA (P Ͻ 0.005) in IL-10 Ϫ/Ϫ mice compared to 129Sv control mice. IL-10 Ϫ/Ϫ mice also showed a significant increase in IL-13 mRNA levels at days 30 and 45 postinfection (P Ͻ 0.005) compared to 129Sv control mice. On day 30 postinfection the level of TNF-␣ and IL-12p35 mRNA in 129Sv control mice was significantly greater (P Ͻ 0.005) than IL-10 Ϫ/Ϫ mice. Furthermore, at day 45 postinfection, the level of TNF-␣ mRNA in 129Sv control mice was significantly greater than that in IL-10 Ϫ/Ϫ mice (P Ͻ 0.005), as was the decrease in IL-4 mRNA (P Ͻ 0.005). Collectively, these data strongly suggest that prion infection in IL-10 Ϫ/Ϫ mice results in a much more rapid proinflammatory and compensatory anti-inflammatory cytokine response compared to 129Sv control mice.
The changes in proinflammatory cytokine mRNA levels in the central nervous system of prion inoculated IL-10 Ϫ/Ϫ mice were not simply due to mechanical trauma or general inflammation as a consequence of intracerebral inoculation. Injection of normal brain homogenate into IL-10 Ϫ/Ϫ mice did not result in similar increases in the levels of TNF-␣ mRNA (Fig. 5a) or IL-1␤ and IL-12p35 (data not shown) as that seen following prion inoculation. Furthermore, IL-10 would appear to play a role in regulating the development of prion disease in normal animals since mRNA levels of this cytokine were significantly increased in prion inoculated 129Sv mice (Fig. 5b) . The increase in IL-10 mRNA at day 45 post-prion inoculation in 129Sv mice was Ͼ10-fold compared to the prechallenge level (P Ͻ 0.001).
Cytokine mRNA levels were assessed in the brains of IL-10 Ϫ/Ϫ and 129Sv wild-type mice at the time of terminal prion disease in RML 5.0-or ME7.1-inoculated animals (Fig. 6 ) In IL-10 Ϫ/Ϫ mice significant levels of IL-1␤ and TGF-␤ were detected in both ME7.1-and RML 5.0-inoculated animals (Fig. 6a) . In terminal prion diseased brains of 129Sv mice (Fig. 6b) , significantly elevated levels of TNF-␣, IL-1␤, IL-10, IL-13 and TGF-␤ transcripts were detected in both RML 5.0-and ME7.1-inoculated mice. Collectively, these data are consistent with a role for TNF-␣ and IL-1␤ at terminal prion disease in wild-type mice, while IL-10, IL-13, and TGF-␤ contribute to the regulation of these proinflammatory cytokines.
DISCUSSION
In this study we have investigated whether the absence of anti-inflammatory cytokines alters the progression of prion disease. Various cytokine-deficient mice were assessed for their response to prion inoculation. Most noticeably, IL-10 Ϫ/Ϫ mice displayed considerably shorter incubation times than control animals following either intracerebral or peripheral prion inoculation. The shortest incubation period in prion-inoculated IL-10 Ϫ/Ϫ mice was seen following intracerebral prion infection, where terminal disease was reached in less than 75 days when a high dose of RML 5.0 inoculum was used. This was approximately 50% of the incubation time seen for the corresponding control animals. Similarly, oral inoculation of prions was effective in IL-10 Ϫ/Ϫ mice. This route of inoculation is an efficient portal of entry for prions but is normally associated with an extended incubation time for the onset of terminal disease. However, IL-10 Ϫ/Ϫ mice orally inoculated with either RML 5.0 or ME7.1 prions displayed an incubation period that was reduced to approximately 30% of that seen in 129Sv control mice inoculated in the same manner.
The relatively rapid development of prion disease in orally inoculated IL-10 Ϫ/Ϫ mice may be a consequence of the gastrointestinal inflammation exhibited by these animals (33) that allows increased uptake of prions across the gut wall and subsequent enhanced neuroinvasion. The uptake of prions across the gut wall of IL-10 Ϫ/Ϫ mice may be aided by increased expression of PrP C at this site, which is reported to occur during gastrointestinal inflammation (48) . These observations support the suggestion that the physiological state of the gastrointestinal tract may contribute to the outcome of prion infection following oral inoculation (59) . IL-4 Ϫ/Ϫ and IL-13
mice showed an increased susceptibility to prion disease when inoculated with a low dose of RML 5.0 by the intracerebral route or a high dose by the intraperitoneal route. However, mice that lacked both IL-4 and IL-13 did not show an increased susceptibility to prion disease, indicating that cytokine regulation in these conditions is complex. Collectively, these data showed that in the absence of anti-inflammatory cytokines, in particular IL-10, the progression of prion disease occurred with an accelerated pace. This is strong evidence that the inflammatory response that occurs during prion disease contributes significantly to the pathology observed during these conditions. The dominant proinflammatory cytokine mRNA detected during the development of prion disease in both IL-10 Ϫ/Ϫ and 129Sv wild-type mice was TNF-␣. Central nervous system transcripts for TNF-␣ in IL-10 Ϫ/Ϫ mice were elevated approximately 100-fold shortly after prion inoculation, while at the same time there was a modest increase of IL-12p35 transcripts and little change in IL-1␤ mRNA levels. A similar trend was seen in 129Sv wild-type mice, although at later time points, indicating that the TNF-␣ response modeled in IL-10 Ϫ/Ϫ mice was representative of that seen in normal animals. The different cellular responses to TNF-␣ occur through its binding to tumor necrosis factor receptor (TNFRI) or TNFRII and subsequent engagement of adaptor proteins; the proapoptotic role of TNF-␣ is mediated by recruitment of TNF receptor-associated death domain and Fas-associated death domain adaptor proteins, whereas cell survival and inflammatory reactions are transduced by TNF receptors through TNF receptor-associated factors (14) .
Activation of TNFRI leads to degradation of IB␣, followed by translocation of NF-B from the cytoplasm to the nucleus (26, 42) , which in neurons is deleterious as it appears to favor apoptosis (55, 66) . Similarly, neuronal cell death occurs when NF-B is activated in neurons following stress events (7) including the response to toxic concentrations of glutamate, a proposed mediator of prion disease (22, 28) . This effect of NF-B involves an increase in pro-apoptotic protein activity including caspase-3, which has been detected early in the pathology of mouse prion disease (27) . Sphingolipids constitute another important class of TNF mediators. TNF-␣ signaling can be mediated through the activation of sphingomyelinases, which act on membrane sphingomyelin and release the second messenger ceramide (25, 31) .
Several mechanisms may account for the action of IL-10 in modulating the onset of clinical prion disease mediated by proinflammatory cytokines such as TNF-␣. First, IL-10 directly blocks proinflammatory cytokine release by inhibition of NF-B translocation (62) . Second, IL-10 decreases the expression of proinflammatory cytokine receptor expression (53) . Third, IL-10 regulates activation of proinflammatory cytokine receptors through induction of suppressor of cytokine synthesis 3 (16) . Fourth, IL-10 blocks the glutamate-mediated increase in caspase-3 activity and can block glutamate-mediated apoptosis by preventing the increase in NF-B binding activity evoked by glutamate (3). In our experiment with IL-10 Ϫ/Ϫ mice, IL-13 appeared to be the major anti-inflammatory mediator in response to prion infection as there was a dramatic increase in IL-13 mRNA transcript level that coincided with the increase in TNF-␣ transcripts.
Both IL-10 and IL-13 are capable of rapid activation of phosphatidylinositol-3-kinase, thereby reducing the level of second-messenger ceramide (47) . However, IL-13 may well contribute to prion disease pathology as this cytokine can induce profound fibrosis (18) . The rapid progression to terminal prion disease in IL-10 Ϫ/Ϫ mice implies that IL-10 may be expected to play an important role in limiting the onset of disease in wild-type mice. This was the case, as wild-type mice showed elevated levels of IL-10 transcript expression approximately one-third into the incubation time for terminal disease in these animals. The importance of IL-10 in regulating the progression of prion disease was seen by the fact that transcript levels of this cytokine were elevated at terminal disease in wild-type mice inoculated with different prion strains, RML 5.0 or ME7.1. Similarly, a prominent role for IL-13 was also seen in prion-inoculated wild-type mice, as IL-13 transcript levels were elevated at terminal disease in both ME7.1-and RML 5.0-inoculated mice. Other studies have suggested that TGF-␤ plays a dominant role in prion disease (13) . In our current studies, we have found that TGF-␤ transcript levels were elevated in wild-type mice at the time of terminal disease but remained reasonably stable during disease progression. Our data would seem to indicate that IL-10 has a more important role in the regulation of prion disease as transcripts for this cytokine appear early during the response to prion infection whereas an increase in TGF-␤ mRNA expression occurs at a later time point, around the time of clinical and terminal disease.
Our suggestion that TNF-␣ may play a significant role in prion disease in both IL-10 Ϫ/Ϫ and wild-type mice is not supported by studies in TNF-␣ Ϫ/Ϫ mice which did not show any difference from wild-type mice following intracerebral inoculation with prion inoculum (36) . Investigations that rely on the perturbation of ligand receptor interaction to identify the role of a single protein in complex multicomponent signaling pathways may not always result in discernible responses such as those shown here. This may be particularly relevant to some of the actions of TNF-␣ which appear to be closely linked to the neurotrophic factor insulin-like growth factor-I (60). It may also be the case that some of the actions of TNF-␣ can be compensated by other cytokines, whereas this would not appear to be the case with IL-10.
Measurement of infectivity levels in the brains of IL-10 Ϫ/Ϫ mice at terminal prion disease showed that these animals had accumulated the same level of prion infectivity as did control mice, but in approximately half the incubation period. This is a similar phenomenon to that seen in tga20 mice, which overexpress murine PrP C , compared to wild-type mice with normal levels of this protein. We suspect therefore that accelerated prion disease in IL-10 Ϫ/Ϫ mice was not merely a consequence of increased PrP expression, although we cannot totally exclude the possibility of cytokine-driven increased PrP C expression in the central nervous system during the disease process. This would imply that the anti-inflammatory response that normally occurs during prion disease attempts to limit the accumulation of prion infectivity, PrP Sc and neurotoxic factors, either directly by promoting their metabolism, or indirectly by mice that succumbed to terminal disease had the same neuropathology as those animals that took longer to reach terminal disease. This would suggest that neurotoxic factors associated with prion disease are handled less well during their rapid rather than slow accumulation and reinforces the suggestion that a principal factor in determining the outcome of prion infection is the rate of conversion of PrP C to PrP Sc (59) . In summary, there is an increasing amount of evidence that reveals a role for proinflammatory cytokines in initiating and maintaining the pathology of prion disease. Our data suggest that IL-10 plays a significant role in the hosts attempt to halt the ensuing prion pathology mediated by this inflammatory response and highlights two important features of disease modulation. Firstly, as polymorphisms in cytokine genes have been linked to central nervous system disorders (29, 38) , it is reasonable to postulate that genetic factors which predispose to lower levels of IL-10, or its activity, may render a prioninfected individual more susceptible to prion disease pathology. IL-10 gene polymorphisms are associated with decreased levels of serum IL-10 (57) and this may occur at other sites. Secondly, attempts to retard prion diseases through the use of anti-inflammatory compounds may be increased by use of compounds that mimic IL-10 in both its anti-inflammatory and cell survival function (56) .
